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ABS’J’RACT

‘1’hc cffcc[s  of radia[ioa  on fused bicmical  UIPCI’ wavclcnglh  division multipkxcrs  arc prcsen[ml. “Ihc polariz.alien wnsilivity
of these devices bcft]rc  and rrf[cr  irrmlirrtion  is discuswd.  l’rcliminwy  r’csul(s  on (1)C cffuls  of irradiating diffcrm( rcgioas  of (he
dcvicc, and comparisons bctwccn  (k cffcc(s  01 proton and Co60 radialion sources arc also given. A tlmrctical model that
takes into account (he index chrmg,c  in the Gc-dopwt  cores  of’ the optical fibers ascd 10 Inalw Ihcsc dcviccs  agrees WCII with
cxpcrimcnlal  observations. This indicates that index changes in (11c fiber may bc primarily rcspcmsib]c  for the effects of
radiation on lhcsc dcviccs.
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1. 1N’1’RO1JUC’1’1ON

Nunmrous rmiclcs  [15, 16, 26] cliscuss  the advaIIIagcs of wavclcng[h mul{iplcxil~g in opfical  systems. MUCII  Ihc wunc as
frccjucncy  multiplexing in radio aml lclcvision,  wavelength multiplexing incrcmes  the bandwidth of an optical syslem by the
number of different wrrvclcngths used. ‘Mc ccmbinaticin  and separation of the different oplical  wavclcnglhs is pcrfmncd  by
dcviccs  called wavclcng[h  division multiplcxcrs  (WIJMS).

Scvcml rmthors  have sludicd  the effect of radia(ion on different t ypcs of optical couplers [10-12,24]. In this prIpcr, wc will
limit ourselves to the fused biconical  tapered WDM which is mrrdc by fusing together two single nmlc fibers. Fuscxf biconicrrl
Iapcr WI>MS arc the most widely used type of coupler in (1}c tclccol~~ll~tl~iicatio~~s  induswy,  making  them the most likely
candidalc  for multiplexed high data-mtc optical buses in space.

‘1’lIC severe rcquircmcnts  for optical W1>MS (30-35 d13 isola[ion)  in mosI tclccoll~ll~lll~icatiol~s  applications arc btircly met by
fusc(i biconical  taper WJ )Ms (t ypicnll  y in concafcnatcd shwc(urcs  m followed by wavelcIIgIh  filt crs) [26]. In mlcr to usc these
dcviccs  iu space applications, the radiation hardacss of Ihcse dcviccs needs to bc slndicd  in order 10 establish [hc effects of
racliation,  the mcchrrnism responsible for the effects, and possible directions 10 take in the development of a radiation hmkncd
W1>M,

‘1’his paper assumes a basic knowledge of WIJMS, Smnc of the terminology applicable to these dcviccs  rmd a dcscr’iption  of
a fused biconical  roper W1>M will bc included in the first section. ‘1’hc  second scc(ion wilt dcsclibc  Ihc experimental procedure
used to lest these devices in a radiation environment. ‘J’hen, a section on cxpcrimcntnl results will outline some of lhc more
significant resul(s of our experiments, focusing on the polarization sensitivity mcasurcmcnts  before and after il~adiation.  Ille
renmindcr  of the paper will prcstm  a theoretical model Ihal attributes lhc observed radiation effects to changes in (he index of
rcfracticm  of the cores of the optical fibers comprising  the WDM. ‘1’his  paper will modify the existing theoretical analysis of
fused biconical  tapered couplers [17-23,26] to corrcc(  for core inctcx  of refraction and combine with known effccls of radiation
on optical fiber [1-5,25] to predict the cffccls  of radint  ion on these dcviccs.  The polarimion  scnsitivit  y of these dcviccs  before
and after irradiation will also bc sludied in some detail. Final]y,  the hcory and the experiment will bc ccrmparcd.

2. WAVIN.lCNGT[l  I)IVIS1ON MUI;l’11’I.EXII1{  (WINvf)

A beam of light can bc sepmted into its spectral components by nMIIy diffcrcn~  methods, such as using gratings or prisms.
Wavelength division methods such as these have been iatcgratcd  with f’ibcr rml used for wavelength division multiplexing
[15,16,24], but the most successful WDM has evolved from tapci’cd  fiber Icchnology.

2,1 Tapered optical fiber
When an optical fiber is heated above the glass soflcning  point and strctchcd  synmctrically, the dimnctcr of the fiber is

dccrcascd  at the heat source and gradually tapws 10 the original diameter away from the hcnt source. When light  is launched
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into (iw liipcrwt  tlbcr, (IIC mode in Ibc fiber will change along  Ihc (; Ipcr. l;:Lr aw:Iy frtm (k (apcrcd rc’giol],  (IW light  in lhc I“ibcr
is guided by (bc core, nnd (k cldding  can bc ;Issumcd 10 cx(cnd 10 in finily. flu( as tlK fiber gets thinner, the Inodc field
diamclcr approncbcs  (hc diomctu’  of the clwlding  and (hc cladding  bccoms  the guiding Incdium. lf (hc tqrcr is slow (:tdinha(ic
:lpjlroxilll:i(i~lll)  all (hc energy will bc carried by (1IC luwcsl urdcr Inodc n( every poin[  in (IIC fiber. 111 lhis  case, tkrc is no 10ss
of energy rm(t the prescncc of (hc Iapcr  is not dc(ccmblc  from Ibc propcrlici of (hc fiber. If the lapcr  is very su(klcII, higher
or(kr mrrdcs will bc cxcilcd  as the light (ravds along  (I1c taper-down region ml intcrfcrc  when they couple into the
fundamental mode of the fiber in the Iapcr-up  region. “1’hc so-cd Icd Stcwml-1  .OVC limi[  [26] dctcrmincs Ihe slope of the taper
bckrw which only the fnn(lamcntal  motlc carries the energy and above which  higher order mo(tcs arc cxcikxl.

2.2 1;[1s(’(1 hiconical  tiij)~~  }VDAI
When two fibers arc healed and strctchcd  togclhcr in such a wny Ibat the Mpcr  slope is below IIIC Siewnrl-1  .OVC limit, tllc

firsl two Iowcr order modes arc cxci(cd in the region bctwccn [k (apm. ‘Mc couplh~g  bclwccn the Iwo fibers is then
dclcrmincd  by the il~tcrfcrcncc  belwccn  these twu mmlcs.

1 ‘ignrc 1 shows a fusctl biconica]  tapered coupler. ‘1’hc fused region is (ypicnlly about 3 cm ]ong, but the region where mosl
of {hc coupling Iakcs place (the coupling region in figure 1 ) is only around 5 mm km.g. ‘1’hc original core (timnclcr  and cladding
(Iimctcrs  for SMF28 fiber (which is usually USC(1 to make these devices) arc 9 pm ml 12S pm respectively. l’hc width of the
coupling rcgicm  is typically around 30 }(m but wrrics  bctwccn individual dcviccs.

The principal coupling nmckrnism  in fuse(l biccrnicfd Iapcrc(l couplers is fundamentally cliffcrcnt from polished fiber-optic
WI>MS or oploclcctmnic directional couplers which work by evanescent coupling [6,7,11-13]. in a fused biconical  taper
coupler, most of the coupling results from the inlerfcrcnce bctwccn Ihc first two fundmcntnl  mo(lcs  in the coupling rcgicm,
which can bc approximated as a rcctmgular  wnvcguidc of constant crosscclion. only a mall por(ion  of the coupling is
Wancsccnl.
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Fig. 1 A fused biconical  taper W1>M. Magnification an(l
crosseclkm  of the coup] ing region.

(lr(sidc  the fusc(l  region, the interaction bctwccn  the IWO fibers is small  awugh that my mode Ci]ll bc cxprcsscd  as n vector
sum of the fundamental nmdcs of the IWO fibers. Along  the taper-(tcrwn region, the mocks in the two fibers begin to interact
becoming distorted. This interaction mulls in a mall  amount of coupling. Since the in[craction  bctwccn the two modes comes
from the CnkXktp  of one of (he modes with Ihe Cvancscent  field of the olhcr Jnodc,  this lypc of intcracticm  and lhc energy
exchange bctwccn  the two nmdcs  is called evanescent coupling.

As the mode fkld diamcler  approaches tbc (liamc(cr of the cladding, the cores of (hc fibers arc no longer gnhling the light,
and the cladding becomes the guiding struclurc. Since (I)c  taper slope is below (IIC Stewart-l .OVC limit, only the ilrst two
fundamental modes of Ihc clndding-air wnvcguklc are cxcitcd.  I’hcsc  two modes arc shown in figure 2.
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Since (he symmc[ric  mode is mom confined 10 Ibc fiber [ban tbc all[isym[ne(ric  mmlc, Ibc alllisylnlncl]ic  mok propaga[cs
fwstcr, ‘1’1)0 diffcrcncc ill vc]ocily  of lhc two modes mulls  in a build up of the rclalivc  pb:lsc  bctwccn (km m (hey propagalc
through the coupling rcgiml. As [hc fibers [;ipc’r  out, (k mocks adiabatically cx)nfor{n (o (I)c  modes of {hc two sinj:lc mode
fibers forcing the symmclric amt anlisymm(!lric  modes 10 inlcrfctc. ‘1’llc  ou[pu[ of (I1c Iwo fibers is (hca dclcrmincd  by Ihc
intcrfcmcc  pa!lcrn. If wc ignore Ihc phase shif[  bclwccn Ihc symmetric and antisymmclric  modes acquired in Ihc tapered
regions, md only consider (Iw phase shif[ bc[wccn (I1c two HKXICS in the coupling rc~i(m, the couplin:  constant is given by:

(1)c== /($ - rt~ = 2AZ (tr,$ - nA )
where tl~ and n~ arc the cffcclivc indices of retraction in lhc cotlpling  region for the antisymmclric  mode and lhc symmetric
mode rcspcctivcly.  A is lbc free space wavclcnglb of lighl.

]Xlc [0 lbc dcpcndcncc  on wavclcnglb  of Ihc coup]ing  cons tan I ( n~ and n,$ arc also dcpcndcn[ on A), fused bicrmical
Iapcrcd couplers can be tailored to lmvc ncfir 100 %, couplin:  al onc wavckmgtb  and near O % coupling at n second wavclenglb.
A coupkr which is tailored in ibis way is called a WI IM.

2,3, ‘J’erlnino]ogy

In order to quantify the pcrformmcc  of a WI)M, two figures of nwri[  arc typically used: isolation and cxccss  loss. In figure
2, lhc four fibers of lhc WJ)M are Iahclcd:  A and 11 arc [be two it~put  fibers; C aIKl 1> arc the (WO output  fibers. l.relation is
defined as lhc ratio of Ihc output  of porl l) to the cmlpu(  of port C when light at a si@c  wavelength is injcclcd into port A.
L’xcf?s.r  loss is Ihc ratio  o’f (bc tolal  outpul to [hc tolal inpllt.  “Ihcsc values arc usually cxprcsscd  in dllopl.

- (:) o (&)isolation = 10loglo  ---- = 10lo~~lo (2)

[)Ic + 11)
Cxccss 10ss = IOloglo

(3)

],4 + ]f{

where ]~, In, lC, ID rut he optical intensities at ports A,B,C,
.-

and D respectively. C is he coupling constant as given by
cquaticm (1). in addition to the isolation and the excess 10ss,
the opcra(ing wrivclcnglh  range is usually specified (typically
izo 1]111).

3. IX1’KRI M1;N’1’A1. l) I< OCEI)LJRE

‘1’ab]c  1 lists all the devices (hat were irradirml  in the order
that lhc irradiations were performed. A description of the
radiation they were exposed to is listed in the three columns
labeled “RADIA’1’JON”.  The “where” column indicrrtcs which
scc(ion of the dcvicc  was irradiated. “whole” means that the
entire WDM was exposed to radiation, “input” means (hat
only a section of Ihc W1>M cm the side of the input was
irradiated, “oulpu[” mcms that a region close to the output of
the W1>M was exposed to radiation, “center” means (hat only
[hc region in the middle of the WDM was irradiated, “o-c”
stands for output-cca(cr,  and “i-c” stands for input-ccntcr.  ‘1’he
““J’ypc”  column  indicates whether the device was exposed to
protons (p+) or Radioactive Cobalt  (Co60). The “Dose”
colmnn indicates the dose rcccivcd  by tbc cJcvicc in Mrad
(Si02). l’hc type of dcvicc tested is given in the “Dcvicc
Nrrmc” column.

‘1’hc Ml. devices were supplied by NCCOSC  Research,
IIcvclopmcnt,  I’est  and l;valuation  Division, Tbcsc dcviccs
were bare, i.e. tbc taper rcgirrn  of (11c  WDMS was exposed to
[bc atmosphere. ~’hc dcviccs  were supp]icd  in this way to
pcrmil  low energy proton irradiation (6 McV). A total of
three of these dcviccs were irradiated. ‘1’hc first one (MI-1)
was exposed m 6 McV protons at a dose rate of 1.3 kradhnin



for [k first 100 had,  at)d aI a dose rwc o!’ 10 krtd/lnin  for (IK 1;1s(  900 km]. MI ,-2 W:IS  cxjx)scd  10 (.()‘ 60 for a total  dose of 1
MIW1 and 6 McV protons  t_(M  500 km!. ‘1’hc rcl:wa[ion of I IN dcvicc  W:IS obsmd foI 45 minutes ;If(cr 100 krwl  nnd for 9 hours
af[cr 1 Mrad.  The dmc MC was 1,3 krad/mitl  for [k ~IrsI  100 kid ad 3 kradhnin for (k ’900 twad. ‘1’hc dose rate during
pro(on irradiation was 10 krad/nlin ‘1’hc last of lhcsc dcviccs (M I.-3) was Subjcc(cd to scclirmal  prolon irmdialion (S mm
scclions  of Ihc ckvicc  wcfc irradiated consccutivcly).  ‘1’bc dose WC was 10 krad/ min. ‘1’hc dcvicc was masked with a 5 mm sli(
in a piccc of aluminum.

Tbc (kmkl  dcvim were supp]icd  by Gould inc. l;ibcr-oplics  IJivision,  Goukl-] ml Gould-2 arc Ibc 16 dfl isolation in a 40
nm bawl model, and Ciould-3  mld Gould-4 arc (IVJ 10 dIl isolnlim  in a 40 Nm hand Inodcl.  Gould-] was (hc only Gould dcvicc
irwliatcd will) protons. Since Ibc dcviccs were all packa~~cd,  tl]c prolon irradialio[l  was dotlc al [bc lJC Davis Cyclotron
accelerator wbm  60 McV prom  energy was used, ‘1’hc dcvicc rcccivcd 100 kmd at a dose H(C of 1.3 tirad/mitl  and 900 kid at
a dose ralc of 13 krad/min, C1ould-2 was exposed to (h 60, rcccivins  a to[a]  dose of 3 M rad al a dose ra[c of 3 kradhnin. ‘1’hc
irradiation  was stopped for 1 hour  aflcr  100 kid to observe rclaxal  ion. Rclaxa(iol]  was observed t’or 9 hours af[cr  1 Mrad, for
15 hours atler 2 Mrad and for 12 hours  afwr 3 MI’ad. Gould-3 rcccivcd  a dose o!’ 1 MKKI al a dose rate of 3 ktdmil~  and was
observed for 14 hours of rclax[ition. (iould-4 was tested for sect ioaal Co60 in’adialion  (12.7 mm scclions  of the ctcvicc were
irr’adiatcd  consccutivcly).  The dcvicc  was nmked by 10 cm (hick Icad bricks with a 12.7 mm slit bet wccn tbcm,

‘1’hc };- 1 dcvicc was supp]icd  by 1 ;-’1’1 ;K l~ynan~ics  lat. 1;- 1 was exposed 10 Co60 rccciving a dose of 1 Mrad at a dose rate
of 3 IuWmin,  The rclaxat ion of the dcvicc was observed for 12 hours.

The test apparatus USC(I for in-situ measurements of the isolation ml cxccss  loss of the WDMS was modified ml improved
bctwccn tests. ]:igurc  3 shows a diagram of (I]c cxpcrimcntrd  sclup used. “J’hc  krscrs were cbangcct to cooled power stabilized
laser diodes aflcr  the first test. Ml,-1  was the first dcvicc  that  was tested, and laser  diodes a[ 1300 nrn and 1547 nm were used.
All of the other dcviccs  cxccpt for’ (1]c 1 i’1’l iK were tested at 1306 nm and 1547 nm. ‘1’hc 1 H’llK dcvicc was only tcs(cd in-situ at
1547 nm. Mcasurcmcm  fit 1306 nm for the E’1”1  ;K dcvicc were made only before and nftcr  irmdiat  ion. The laser inumsity  used
varied from 1 IIW to 100 ILW. 1 ;nhanced  mmcaling  was not observed in photo  bleaching (CSIS at 1 nlW optical power at both
wnvclcngdls  fir Ml .-2.
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l:ig. 3 ]>iagram of lbc cxpcrimcntal  mchrxl  used.

C)nc mayor nmdificalirrn  that was made aflcr  all Ibc Ml. dcviccs ml the first Ckukl  device were tested was to add
polrwimticrn  control m both  wavelengths. The polarization conlrol optics is shown  in figure 3. It ccmsistcd  of a polarimf  and a
1/2 wavcplatc  to mtatc {bc polarization with AR coated 10X lenses to go from fiber into free-space optics md back into fiber.



A I 1 S47 nm, t] motorinxl  ]()[iiti()I)  s[agc W:N  L]SUI (() K)[:IIc :1 h:Ilf-w:Ivc pl:IIc. A( 1306 nm a maI)u:Il  ro[a[im  s[a:c was used.
‘1’his  fd]owcd us 10 measure, in-silu,  [k poiori~aliml  propcrlics  of Ihc WI>M al ] 547 nm, md 10 JnC:ISLII’C (k polnriz.slim)
pmpcr(ics of the WI )M at 1306 nm bclorc  aIId :Il(cr irridio[it)[l.

IJigurc  3 ilh]slmles  (k mc(hod  used in dlcsc cxpcrimcn[s  to bc abk 10 mcmmc isolalim  and cxccss loss sillll]lt;ltlcc)tlsly  at
IWO wavelengths. ].igbl at 1310 nm is il]jcclcd  into  onc of lhc inpul  fibm  of [k ICSI W1>M, and light  al 1550 ntn into the other.
‘1’bc lest WIIM is then used [is a mulliplcxcr nnd combines mos(  of lhc light al bo[h  wavclcngtks  into onc of tbc m]tpul  fibers.
‘1’hc rcnmining  ]igbt at 1310 nm and 1550 nm cmncs out of Ihc olbcr m]tpl]t fiber, ‘1’wo WJ)MS fwc used to dcmultiplcx tbc two
wnvclcng(hs  at cacb of lhc outpu[ fibers of the tcs[ W1)M, Six oplical  power scnsm  nrc used 10 track the IWO rcfcrclwc fibers
and the four outputs  of the W1)M (two at each wavclcnglh).

A n~casurcn~cnI  resolution in (hc crossmlk bc((cr than 0,01 dB was achicvcd  by avcr[ging,  over ICn cven]y spaced
polarimlion  slates  once the polari~alion  Control was in place.
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4.1. Wl)hl lso]ation and Excess I,(Ms
‘J’able 1 givrx the nwasurcd isola(ioa  bet’orc imdialion  and [k change induced by Ik radia[ion  for all [k lcsls  [M wrxc

done uadcr’ (IK four columm$  labcltxl  “1S01 .A’I’10N (dIJ)”. ‘I*IW cI]angc in isolation  is given under (IW coIumns  laI>cIcd  ‘tAra(ltl.
‘1’hc principal effect of radiation on (I]c  WIJMS thal were tested was to change their isolation. hTo sigaificm[ chrmgcs in the
excess loss  of the dcvicc were observed. (Rcsolulioa  in lhc n~casurmcnt  of the oulput  of the WDM was bcllcr  than 0.1 WI.).

‘1’hc most impormt rcsull  from our cxpcrimcnts  is tlm( dcviccs  cannot  bc dircclly  compmcd. 1 ;vcn Ihc Gould dcviccs, which
were matched in isolation to bctlcr  than 0.5 dB at 1311 m and 1553 m by the manufac[urcr, had cliffcreat  isolations at our
wavclcng[hs  (1306 m ml 1547 m) and had radically diffmnt  iscdfltioa  changes with radiation (SCC “J’able 1). ‘1’hc largcsl
change in isolation was on MI-1 which clmgcd  by 10 dfl at 1547 m allcr  1 Mrad of 6 McV prolrms.  ‘1’hc isolation was
observed to improve for MI .-3 at both wm’clcnglk  and for GouM-2 at 1310 nm.

l:igurc  4 shows a smplc  of the dam Ihal was rccordcd. ‘1’his  diila  is for (k)uld-2 and shows the improvcmnt  in isola(ion  at
1306 nm, ‘1’hc  slmlcd regions mark the lime whca the radia(ion source was exposed. ‘1’hc  whi(c regions show [hc annealing in
isolation aflcr radiation.

‘1’hc rcsulls  from relaxation observations arc, qualitatively, the smc in all of (I]c dcviccs  that w’cre tcslcd.  Qurrlitativcly,  they
are also crmsiskmt  with annealing of allcaua(ioa  for SMF28  fiber [3]: lCSS  (km 20 % of Ihc total  clmgc  in isolation amcalcd
with a time constant of a fcw hours.

4.2. Swtional  lrradiatiom
Scciioaal  imrdiatirms  of MI.-3 and Ckrukt-4 give prcliminmy  rcsul[s  on a very important type of experiment. Irradiating

different portions O’f Ihc same W1>M consecutively gives in formalism about Ihc sensitivity to radiaticm of the different rcgioas
of the dcvicc. It is observed that  the ccnlcr rcgirm is most sensitive, and that the input and oulput  rcgirms  arc only scasitivc
when C1OSC to the ccntcr  of the device (SCC Ml .-3). This is to bc cxpcclcd since the majorily  of the coupling lakes place in a 5
mm sccticm  at the center of the dcvicc  (as dcscribcd in section 2,2). ‘J$hc facl [hat sections of lhc inpul  ml output  lapcr regions
arc rdsrr scrmcwhat  sensitive to radiation seems 10 suppml Ihe theory that some of [hc coupling takes place in these rcgicms.

l;igurc  5 shows the rcsulls  of consecutive scclional  irradiations on Goukt-4. The wbolc device was irradiated at the
beginning and at the end m try to compcnsa{c  for the saturation of the radial ion cffccls  on isolation. ‘l”hc dcvicc was packaged,
so the actual location of the coupling rcgioa within ihc package was nol known. 11 is apparent from lhc results that it is
probably locatccl  closer to the input since this scclion  is affcctcd  more strongly by the radiation than the ou[put. These results,
rmd results of future cxpcrimcnls  will crmtributc  to acbicving a bc[lcr undcrslaacling  of the physical nlcchanisms  [hat result in an
interaction bclwccn radiation and the electric fickts  in a W1>M.

4.3. Polarizatio]l Sensitivity
The first experiment m dctcnnine  polarization sensitivity of these devices, was to measure the polarization ctcpcndencc of

isolation ml cxccss  loss for MI.-2 at 1300 m. A variation in isolation of 4 dB was measured as the polarization was changed!.
“1’his  experiment verified our suspicions tlmt isolation mcasurcmcnt  instability is a result of the polarization scasilivity  of these
devices. It is thcrcforc  important to control the stale  of polarization  when using fused biconical  taper WIJMS,  or to at least bc
aware of the noise that may resull if the polarization is not ccmtrollcd.  A mcm m measure the cffcc(s of radia[ion  on the
polrwizalion  scasitivity  of a WDM was found and implcmcntcd  starting with Goukl-2.

“I>cvicc Namc 1306 m Prc-rad 1306 m Post-ml 1547 m P(c-rad”

::..-”’””3

1547 I)Ill R&ad
AIsolation  p/p AIsolatigg~)____ .__~Isolat  ion p~~. Alsolalion  P / p

Cioul(l-2 0.22 m _O.25 (IB __ 0.11 (ID __ _ _ 0.11 m
GOU1(I-3 0.75 Cm 0.85 (m 1.1 cIB 0.4SJF————
Goukl-4 1.41 (1B 1.15(IB 0 . 5 4  dB -_ . .___ . .  037 (EL_.— —-.—— .—. .
I;l’l;K-1 2.5 dB 2.2 (IB &5 dn 7.5 (1B——. — . .. —. —— —..

‘J’able 2. Summary of results of polarization  mcasurmcnts  before and after total radialioa rcccivcd by each device.

Tab]c 1 includes the dependence on polarization for Ihc E’I’llK device, which was found to bc very scasilive  to polarization.
‘1’hc x and y polarizations are shown. The x polarization has an clcclric  fickt which is only appreciable on lhc p]anc on which
the cores of the Iwo fibers lie, and the y polarization has an clcclric  fickl on a plane rmlmgonal  to [hc other pkrnc that is paraltcl
to and cquidislaat  from the cores of the two fibers.
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The polarization sensitivity of Gould  and lH’IIK  dcviccs were mcasurtxl  before any exposure m radiation and rifler  all
irradiations. l’hc variation in isolation as a function of polarization was measured; the pcnk to peak (p/p) variations in isolation
before and after rrdiat  ion at 1306 nm and 1547 nm arc shown in Tab]c 2, ‘J’hc polariy.ation sensitivity was largest  for thc ETEK
device, Since the polarization sensitivity of fused bicouical  lapcrc(l couplers is attributed to the anisotropy  of the coupling
region [19,20,21 ], it is suspecIcd  that Ihc l-il’F;K  dcvicc has a lCSS  isotropic crc)sscction  in the coupling, region. As (able 2 shows,

our rcsulk  in(licalc that tbc polarization sensitivity dots not change significantly with radiation.
A smnple  of the data used in perk to peak isolation vnria[ions  mcmurcmcnts  is shown in figure 6. The figure shows pre-rad

and post-rad polarization mcasuremcnls  for the FH’I;K WDM. 1.ikc any o(hcr birefringcnt medium, a fused biccmical  tapered
WIJM has a sinusoidal dcpcndcncc  on pokwization. ‘1’hc variation  needs to bc periodic since a polnriza(ion  of O dcgrccs is
equivalent 10 a polarization of 180 dcgrccs. Since the polarization is rotated by means of a half-wave plate, the period of the
sisusoi(l  is a wavcplalc rolaticm  of 90 degnxs (which corresponds 10 a rotalirm in polarimticm  of 180 degrees). The dala in



figuw 6 is fi[tcd  tu a sinust)id. ‘1’k fits  arc sl)own  :IS solid lilws,  and [hey fit lhc cxpcrimcnml  diita  very WCII. No[c [ha[ the
vertical scnlc is logarithmic, so that a sinmsoid  of Iargc ampliludc  (m in fig 6 b) is fla(lcr  on the lop than on the bottom.
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‘1’hc shift in pl]a.w of (Iw sinusoids is noI a signitkaal  ctl’cct. 1[) figure 6 a, IIK n~casurcn]en(s  wfct’t>  done bcl’orc aad aflcr
rwlia(ion  by rccoluwclia:  the fiber. Whik the fiber at 1547 nm w:ls nol movtxl  llII(xlghoul  Ihe cxpt’ritnt’lli, lhc sina!l phxsc sllif{
is probably duc [0 tllc clumgc in [hc cl~~’ir~)lllllcll  (illly-illcl~l~’c(l  bitrt’ringcatx  of IIlc siagk mmk  libcr cw)ncclia.g the polariz,alion
control ouIpul of the W1>M. la order to measure it’ radia[ion It’sul Is in a phase cll;lagt:, a 1(M (II’  prccau[ioms must bc [ah, aad
lhc cxpcrimcnls prcscnlcd hctc were nol dcsigacd  for il.

At 1547 am, IIIC poktri~.a[ion  scl~si(ivi(y  wms moaitorcd  in-si[u  by gmwlin.g  PIOIS  like UK CMK in ligarc 6 cvcry  mioutc.  ‘1’hc
n]aximum and minimum measured isohllions  during  (he cn[ire cxpcrimrm{  arc shown in figure 7 for 11-1, ‘1’hc nurximom in
isolalion  is atlribu(cd  10 x-pohrrizcd  light and lhc mininlum  10 y-polariml  light. ‘1’hc  rcasoa  for [his will bc explained once Ihc
(hcory for tbc.sc  dcviccs  has l-wcn discussed,

Since cnvironmcn[fil  chzmgcs  vary Ihc bircfringcncc  of single mock  optical fiber, uncontrolled Cllangcs  in the slate of
polarizalioa  rcsu][s  ia incrcascd noise and drifl in lhc isolation of the dcvicc.  Small chaagcs in the cxccss 10ss (<0.2 dIl) arc
rIlso kaown to bc related 10 changes ia polariza[ioa, aIKl were measured in Ihcsc cxpcrimcn(s.

4.4. Comparison bctw’ccn C060 and proton irrildiations
As table 1 shows, Gould-2  was subjcctc(t  k) consccalivc  1 Mrad Co60 irradiations. II can bc seen from tbcsc  results that the

effect of Co60 rodiat  ion on saturates. 10 other words, the effect  of each additional M rod dccmascs. ‘1’able 1 also shows Ihc
results ccrnsccot ivc Co60 and proton  irradiations on Ml .-2, More t lmn two weeks separated the two irradiations. Nevertheless,
at 1306 am, 500 kract of protons rcsu]tcd  in a lrtrgcr chan:c in the isolation ttmn II]C initial 500 krad of Co60. At 1547 ntn, 500
Iwad of protons resullcd in a krrgcr  change in tbc isolation of the W1)M than the 1 Mrad of Co60. It is apparent, from these
rcsulls,  that the initinl Co60 irradirrtion did not saluratc  the ctTccls  of radialicm  for protons. It may then bc that protons crmsc
rrddi[ional  isolation change by means of a different mccbanism. It is ~lso possib]c  that tbc devices tested were different. Future
cxpcrimcats  in which successive proton and 0)60 irradiations arc performed on the smnc dcvicc may provide an rmswcr,

s. ‘J’1]110]/]t’J’ICA],  ANAJ,YSIS

A vrrricty  of cxplanrrtirms  for (I1c cxpcrinux(rtlly  obscrwxt effccls  of radiation on fused biconical  mpcr WDMS were
investigated. ‘1’hese  included the effect of aormal mode loss [7], coupling into cladding  modes, bulk silica index chrrngcs,  and

core index ckmgcs.  Order of magnitude calculrrticms  hrrvc been made for these and mhcr cffecls,  ml the only effect that
mrrtchcs  our cxpcrimcntrrl  obscrvrrtirrns  qoali[ativc]y  rmd in the order of lnagnitudc  is change in core index, ‘1’here arc some
indications in Ihc ]itcraturc  that ncrl~ccluivalcnt  index ckmgcs may also bc of imporkmcc  in o(bcr Iypcs of optical dircctionrtl
couplers [11 - 13]. An cxplanat  ion of the theory is prcscntcd in this  scc(ioa. An order of mag,nit  ode comparison with our
cxpcrimcntal  measurements is given in Ihc following sections. More cxpcrimcnls  need to bc pcrfcrrmcd  in order to dclcrmine
other cffcc[s not ccmsidcrcd  in this prrpcr thnt n]ay significrrntly  affect the performance of a fused biconical  mpcr WIJM.

S.1. Rationale
Previous measurements on irradia[cd  Gc-eloped silica core fiber [1-5] indica(c  the presence of four t ypcs of color ccntcrs  in

irrmliatcd Gc-rtopcd silica. ‘1’hcsc are the Gc( 1,2,3) and Gc-l;’ ccntcrs  with absorption bands  at 281 nm, 213 am, 240 mn, and
S 17 mn rcspcc(ivcly.  By the Kran~crs-Kronig  rclat~on [28], the iadcx of rcfracticm (real part of the susccptibilit  y function) is
dirccdy related  to the absorption (imrtginary  part of the sosceptibi]ity  function), so that the color centers in Cie-doped silica also
affect its index of refraction. 11 can bc shown that the index increases for wavckmgtbs  greater than the absorption wavelength
(normal dispersion) and ctccrcrrses for wavelengths that arc smaller (anomalous dispersion). Therefore, since the absorption
wavelengths are in the VIJV, radiation will increase [he il~dex of the Ge-dcrpcd cores in SMIV8 fiber at 1310 am and 1550 mn
(11<).

‘1’he increase in inctcx in the cores of tbc fibers will affect the coupling of the fusc(t biccrnical tapered WDMS studied in this
paper. As can be seen in figure 3, tbc change in index in Ibc cores will affect the antisymmctric  mode more than the symmetric
mode, since tbc percentage of tbc electric field in the core rcgicm is grealcr for the antisymmetric  mode. ‘1’hc difference in
velocity between the two modes will ttccrcasc,  changing the pksc  shift bc[wccn  the two modes at the end of the coupling
region. As will bc shown in the more detailed analysis that follows, the effect will bc a positive  shift in wavelength of the
isolation vs. wavelength curve,

5,2. Theoretical 1$’fodcl
‘1’hc most commonly usrxl  model for’ a fused biconical  mpcrcxl coupkr ignores lhc coupling in II)C Urpcr regions and

approximates the coupling rcgirm by a rectangular’ dielectric wavcguidc as shown in figure 8.
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When this simple slnrclur’c  is assumed, the coupling conslanls  for both polarizations Can bc easily calculated by using
cclualirm  (3). ‘1’he coupling crmskmts for x and y pohwizcd  modes in Uw rectangular diclcclric  wavcguidc are givcu from [ 1 7]
by:

I

(4)

C., +cy=+-———— ——
32112(1 (,+;)’ ‘  ,+~1 ‘

[ . )
2V11,

( )
CX--CY=XJ d

(5)

16/12(? “ n;
where n2 is the index of the cladding, n3 is lhc index of the surrounding medium (typically air), u is the height of the
rcc(angular’ cmsscctiou  as seen in figure 6, and:

-M-4”2 (6)

The analysis resulling  in cqualions  (4) and (5) ignores the cores of lhc fibers. These are shown as shaded scpmrcs in fi~urc  6.
in order to model  the effects  of a change in Ihc index of rcfracli(rn  of the core, the cffcc~ of core index on the coupling ccmstrmt
l)CCdS tO bc CdCUhItd. This will bc done by approximating tk change in the cffcclivc  indices of the symmetric aud
antisymmctric  modes  with fin overlap intcgml calculalicm.

Marcatili  solved for [he nmdcs of a rectangular diclcckic  wmvcguidc (27]. Wc arc only ccmccrncd  about the first (WO

fundmncnml  nmdcs which are the E:~y (symmetric) mKl l$;Y (antisymlnc[ric)  linearly  p~lari~cd nl~dcs.  (These two nlodcs  are
really ‘I’M mmtcs wiU~ very small electric  field  in cilhcr the x or y direction.) inside the wavcguidc,  (IIC fickls are given by:

~:’y=’’oc’’s(~:’y~)”c~s(~;’yy)
(7)

(8)

vAICrC ]1~ is the C]cctric  field fOr the Sylnmctric  mode and }~A iS the elCClriC fiCld fOr the alltiSyllltnCtliC  mode.  The superscripts
denote the polariralion. llc functional form of the clcclric  field is indcpcndcn!  of polarim[iol;,  but due to the depcndcuce on
polfirization  of kx rmd ky, the shape of the modes is slightly dcpcndcnt  cm polarization,
l:or x-polarized  light:

( )

-1
~;=* l+&l

27n 2

};or y-polariz.cd lighl:



‘1’hc cflcclivc  index of each mode is givca  by Ihc ovcd;tp  il~lcgral  ol the square of (hc clcc(ric  field and (hc index of rcfmclion
shown in figure 8. Assuming Iha[ (I1c mode shape dots not change appreciably with (I1c inclusi(m  of the cores, wc can
approximate Ihc cllan~c in W cl’fcclivc  index of a mode as follows:

(())

where nl is the index of rcfmclion  of the core and h is the widlh of (he core in the model shown in figure 8.
lJsing  equations (7), (8) in equalion  (9), wc cat) calcula[c  Ihc change in the symmc[ric  and anlisymmctric  indices of

rcfrac(ion caused  by the cores of the fibers:

(If))[
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[
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Wc can use cquat ion (3) togclhcr with cqualions  (1 O) and (11) m scdvc for the change in the coupling consIanI caused by the
difference bc(wccn  lhc core and cladding indices of rcfmclion. ‘1’hc final result is a correction of equation (4) when the core
index is taken into account:

Cx+ c,== ——
[)J 32r,2fl’ (1+;)2 + ;;.,l  2

‘v11,

i ACX -tACy

where,

(12)

(13)

(14)

6. CIIANG1t IN INIIEX AT 1310  Nhfi AND 1SS0 NM

Wc are not aware [hat any measurements of [tic core index change in SMIQ8 fiber lmve been ma(lc  for Ck60 or proton
irradiation, These measurements arc ncccssary  ia rsrdcr to accurately dctcrminc  the effects of radiation on isolation suggested
by the theory. For order of magnitude calculations, we will approximate the index change from measurements of core index
change of Gc-eloped fiber exposed to lJV radiation.

1 Iand and Russcl  [5] mcnsurcd the effects of high iatcasit  y lJV (488 nm) irradiation cm tbc ccsrc index change of Gc-doped
fiber. By using a three term Selhneir  expression, 1 Iand and Russc] calculate an index change of 1.910-4 at wavelengths greater
than 1 pm for a Gc-doped fiber with a radiat  ion induced absorption of the order of 1000 dB/km al 4S8 nm. Assuming that the
absorption by the Gc(l ) color ccntcr  is most] y rcspoasib]c  for attenuation at wavelengths greater than 300 nm, and a Gaussian
absorption lineshapc  for the Cie(l ) color center absorption at 281 nm with a Iincwidlh  of 1.97 eV [1], it can bc shown that an
absorption of 1000 dIVkm at 488 nm corresponds to aa absorption of 12.6 dB/km  at 1300 nm. Assuming lhat (I]c  relation
bclwccn  attenuation and index change is the same for LJV and @O irradiatim~s,  and since the measured absorption of SME?8
fiber exposed to ~060 after a dose of 1 Mrad at 50 dcgrccs ~clsius is 13 dB/km[3], wc will approximate the core index change
for SMI;28 fiber to be 10-4/Mrad.



A WIIUC  d 10-4 ailcr 1 Mrad will bc used i]] (1)c ncx[ scc(ion It) co!npwc bc[wccn  [k [hcory and (1IC cxpcrimcntal  rcsul[s.
Since many assump(icms  arc made in the calcula(ioll  of tlw index clmngc,  it is possible (hot our cs[ima[c may k off by as much
as an order of m:igniludc. ‘1’hc aulhors  arc awm IImt a dirccl mcasurcmcnt of (hc index chm:c in the am of the fiber for boll]
C06° and prom irra(lialicms  is ncccssary  for a true comparison bcl wccn (hcory and cxpcrimcn tal data.

7, CX3h11’A1{ISON  IllC’l\VlllOJ  “1’1 lIWRY AN I) ltX1’1tl{liMICN’1’

7.1. ]{cd-shift in isolation vs. wavelength
LJsing cquaticms (12), (] ~) and (14), in cqualion  (~), the clmngc in the isolation duc 10 a chatlgc  in the index of the core can

bc easily calculated. l:igurc  9 shows the isolalion as a funcliotl  of wavclcuglh  near 1550 llm before and after  irradiation for x
awl y polari~,cd  light.  ‘1’hc  numbers used in lhc calculation arc:
(/ = 1 5///)1
tq=l

n2 = 1.458

“1’hc length of Ihc coupler was 6.9 mm in order 10 loca[c (hc maximum and minimum coup]ing near 1310 nm and 1550 mn
before radial ion. ‘1’hc maximum isolation prcdicled  by (11c (hcory  is too high since the excitation of higher order modes [23] and
the cffcc~ of normal mmtc 10ss [7] arc ignored. ‘J’his was corrcctcd fur in tho figure by adding 0.001 to the coupling constant ~,
thus making the maximum isolation -30 dft. “1’he  change in core index caused by the radiation is assumc(t  to bc 10-4.
According to the Jnodcl,  it cml bc seen I]mt  radiation causes a rcd-shifl in the isolation vs. wavclcnglh  curve (SCC figure  7). ‘1’his
rcsu]t  is in agrccmcnt  with our cxpcrimcnlal  observations.

]n the Cxpcrimcnt,  isohltion improved in soJnc dcviccs,  md dcgradcct  in olhcrs. As shown in figure 7, if the wavelength of
lhc ]ascr used to test the dcvicc  is much kmgcr  than the wavelength of maximum isolation, a red-shift of the isola(ion  curve will
improve the observed isolalirm,  If, cm the other hand, the probing wrwclcngth is Jnuch slmrtcr  than the wavelength of maximum
isolation, radiation will degrade the isolation of the WDM. There are some wavelengths for which the isolation first degrades
and tlJcn  itnpmves  or vice versa. There arc also some wavelengths for which the isolation improves in me polarization and
dcgra(lcs for the other polarimt  ion.
“l”hc JJ’llK  device that was tcs[cd has a slightly smaller polarim(ion  dcpcwlcncc  (km lhc theory predicts, but the experimental
rcsu]ts  agree reasonably WCII with the changes in isolation SIKJWH  by the markers bctwccn 1.54 jm and 1.55 )m~ in figure  9.
“1’hc  chrmgc in isolation in dB is less for the y-polarinxt light (dmk mmkers)  Umn for the x-polarized light (]igh~  mmkcrs).  The
diffcrcncc  in the initial isolation is also consistent with experiment,
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]:igurc  9 only slmws a portion of Ihc isolalion  vs. wavclcnglh curve. 1( cm bc shown [1):1( (]K isolation is a sinusoidal
funclirm  of wavclcngIh  for fused biconical  tapered WIJMS  wilh a maximum a[ near 1310 nm and a jainimutn near 155(I nm (OI
vice versa). la order 10 mnkc  some correlation bc[wccn  llIc rclalivc  posilion 01 lhc laser wavclcnglh and the dircclion of
isolation change with radia(ion,  a sinusoidal fil 10 four data poin[s  was used 10 locale (hc rclalivc  posilion  of (hc laser
wavclcng(h and (1]c maximum isola(ion  wavclcng(h for Ihc Gould WIJMS, ‘1’0 do Ibis,  :1 minimum of four data points  arc
nccdcd  since thcw arc four variables (d]c period of the sinusoid, Ihc nmpliludc  01 1310 nm, ~lic ampliludc at 1550 nnl, and the
plmsc).  ‘1’hc rcsulls  arc shown in figure 10, Two of the dala poinls (al 1311 am and 1553 nm) were given by the manufact  urcr,
and Ihc otbcr two arc from our cxpcrimcntnl  mcasurcmcnls  (at 1306 nm and 1547 am). ‘J’bc fi(s arc not exact since there is a
range of crmr on each data poia[  of approximatcl  y 0.3 dfl CIUC [o fhc polariz,alion dcpcadcncc  of isolation. Nevcr(hclcss, it is
seen that the laser wavc]cng(h is slmrtcr  than the wavclcng(h of maximum isolation for both dcviccs  at 1550 nm. A rcd shift in
the isolation would result in a dccrcmc in isolation, Table 1 shows [bat  the isolation ckcrcascd  for both WI>MS rrftcr radiation.
Gould-2’s isolation at 1306 nm improved, and the fit shows that the lmcr wavclcng[h  (the Ictlmost da{a point) is to U)c righ(  of
the isolation peak. @3uld-3  degraded in isolation at 1306 nm, aud the laser wavelength is nearly at [k peak of isolfl(ion.  Such
fits were done for all four Gould dcviccs,  and ~hc results were consistent with lhc direction c)f isolation change in the
cxpcrimcnt.
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7.2. hfagl~itll{le of~t’avelel~gtll  shift
NL1tl~crically,tl~csl~ift  in wavclcllgti~  callsc(l  bytl~ccll:ll~gc  il~c(~Llplil~g  caIlalso bccalctlla(ecl.  Asl~~cl~tior~cd  i1~scctio1~6,  we

assumcan index changcof 10-4 for these crrlcuhtticms.  l:igurc  11 shows thcdcpcndcacc of the wavelength shift at 1310nn] on
the dimcnsicms  of the coupling region. The wnvclcngth  shift Ctcpcnds nmslly  on wavelength and 112$ a very small dcpcndcnce
onpolari?,aticm.  'J"yI~ical ditl~cllsioi~s  oftllcsc  dcviccs  fil1~gebctwcc1~ 15111]~:i1~d  201u11, sotllccorresp()  tldil~g  wavclci)gtll  sl~ifts
rangcbctween  5 nmanct  10nnl. l’hcshif[  in wavelength at lS50nn3 is4 nm to8 nm. If [hc curves in figure 10 arc shifted by
10 nm at 1306 mn and by 8 nm at 1547 nm, it ,can be seen that post-rad  isolation values agree WCII with the [hcory.

As can be seen in figure 11, the theory also suggests that a narrower (and thus shorter) WI IM may bc lCSS sensitive m
radiation. ‘J’his  result has not been verified experimentally.

7.30 Sectional irradiations
‘J%c results from sectional irradiations on MI.-3 tmd Cioulcf-4 indicnte  that parts of the taper rcgicm are also sensitive to

radiation. Even though [he taper regions arc not included in the theory, this would be cxpcctcd  since there is smnc coupling
bctwccn the two fibers in the taper regions. A complctc  calculation of the coupling in fused biconical  tapcrccl couplers may bc
useful to accurately model  the effects of radintion,  but such rt dctaitc(t  analysis would not bc effec(ive  in providing a
fundamcnurl  undcrstrmding  of the problcm.

7.4, ]’roton vs. C060
As was mcnticme(t  in section 4.4, it appears that protons may induce a larger index change in these couplers than ~060,

Since the present theory CJOCS not explain the possible diffcrcnccs,  it is possible that there is rm~thcr mechanism for changing
the index of refraction of the cores, unrelated to color ccntcr absorption. It has been suggcskxl  in (11c literature [5] that ionizing
radiation may form permanent electric dipoles in Gc-eloped Si02. ‘1’hc frozen-in electric fields could generate localized
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r’cfmc(ivc  index cbangcs by nuns of [he c]cclro-oplic  cflccl. Since prw(ons gcncralc ]argc  amounts of clcaron-hole pairs  as
lhcy go through (hc fiber, lhcy may gcncra(c largcf  index chal~gcs than 0)60 irradiation.

Mcasurcmcnts  of (1w polari~,ation  scnsilivily  before and aflcr proton irradiation as well as localized electric field
]ncasurcn]cn{s  on pro(on  irradia[cd tlhcr may provide insights into [k physical mechanism rwponsiblc  for OUr observations.
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Iiig. 11 Dcpcndcnce  of wavelength shift cm ctimcnsions  of the coupling rcgicm for x and y polarized light  at 1310 ntn and 1550
1)111,

8. CONCI.USION

l’hc effects of (1#0 and pro(m) irradiation of fused biconical  Iapcr wavclcng[h  division mult  iplcxers  for 1310 nm and 1 SS0
nm have been investigated. (Wrngcs  in (I]c  excess kMs of these dcviccs  is ICSS than 10-4 dIVkrad, while changes h isolation as
large as 10-2 WVJcrad  were measured. A thcori[ical  mrxtcl  indicates tkrt a core index chrmgc  of 10-4 in (he fibers used to make
a fused biconical  taper WJ>M may result in a rcd shifl in the coupling of the (Jcvice  of nearly 10 nnl, It is suspcctcd that a dose
of 1 Mrad of Co60 or protons may cause index changes in that order of nmgnitudc,  thus affecting (11c  isolation of the WIJM by
altlOUl)tS  COUSiSleIlt With eXperilnellta]  observations. ‘l”hc polarization sensitivity of fused biconical  taper WDMS was also

invcsligatc(t  before and after radiation. While radiation did not significantly increase the polarization sensitivity of any of the
devices tcstc(t,  it is concluded that polarization must bc cxmtro]lcd  in some fashion when testing these devices. Thc mcliation
seasi{ivity  of different regions of the dcvicc  was also cxpcrimcntally  investigated. It has been found that the ccntcr  of these
devices is most sensitive to radiation, bul that rcgiok around the ccntcr arc also somewhat sensitive.

lligbt separate (Jcvices  from three different manufacturers were tested in a total of twenty two irradiations. The results from
straight irradiations, mmcaling  at room tempcrat  ure. after radintion,  and mcasurcmcnts  on the effect of polmizat  ion on isolation
.of five W1>MS were dcscribcd,  In addition, sectional irradiation mcasurcmcnts  on two W1)MS and a comparison between
proton and Clo60 were briefly discussed.

If core index changes are primarily responsible for the changes in isolation experimentally observed, our theory suggests that
the manufacture of fused biconical  taper WDMS may bc tailored so that the isolation improves when exposed to radiation. Our
theory also suggests that a WDM with a sbortcr  and narrower coupling region may bc less sensitive to radiation, These factors
may be of considerable itnportrmcc  in the dcvclopmcnt  of a radiation hard fused biconical taper WJ>h4, Other devices that may
bc similarly affected by radiation include tapered wavcguidc  optical filters, fused biconical  mpcr polarization splitters, and
cvancscent]y  coupled dcviccs.

2’I]c authors wish to thank Simon (Mo at l~-rJ’JIK  and Matt McI.andrich at NCKWS~  for dona(ing devices for the tests
dcscribcxl in (his paper,



.

‘1’hc research dcscribcd  in (his paper W:IS carried out by Il)c .Ict I%opulsion  1 .aboratory, C:llifomia  Institute of’ ‘1’cchnology,
al)d

[1]
[2]

[3]

[4]

[5]
[6]
[7J

[8]

sponsom]  by the National Aeronautics ttntt  Space  A(llllil]islr:ili(>t~  011’icc of Safely m]d Mission Assotwce (ccKIc-QW).

9. ltlHI’l~;l{l;NC1tS

l;..f. I’rich.k and D. I.. Griscom, “Ccslor Ccntm in Glass Optical l’ibcv W fivcguidcs”, blat. l{cs, Synlp. 1’IOC.  61 (1986)

V.B. Ncostrucv et al, “LJV and Gmnma  Induced Colour Ccntres in Gcrll~a[]iutll-cl(JI>c(l Silica Glw+s  and l~ihcrs”,  S1’Ili 992 IJibcr  Optics
Rdiability:  Benign and Adverse Environments II ( 1988)
l;.J. ]:riclwlc, M. Ii. Gingcrich,  and IJ.I.. Griscom, “Survival> ili(y of optical  I;ilwrs in Space” , S1’111  1791 Optical Materials aml I’cstitlg:
Ilc.nign and Adverse lhwironnwnts  ( 1992)
B. Male, et al, “Ultraviolet light I’l~ot~lscllsiti\’ity in Gc-doped Silici]  l;ibcrs: Wavelength IJcpcndrnce  of the I.ight-induced Index
Chaagc”, Opt. l.ctt. 15, 17 (1990)
D. P. IIand, and P. St. .f. RUSSCH,  “Photoinduccd  Rcfractivc-index (%angcs it] Gcmanosilicate  I:ibws”, Opt. I-ett. 15, 2 (1990)
Michcl IJigonnct and 11..1. Shaw. “Wavelength n~~ll[iplcxing in single-mode filwr  couplers”, App].  Opt..  22, 3 (1983)
Robert C. Yoongquist, I.oscn 1:. Stokes, I lwbcrt  J. Shaw, “Jiffccts of Normal  hiodc I.OSS in I)iclcctric  Wavcguide Directional Couplers
and Il]tcrfcrolllctcrs”,  IIil;ll  J. Quantum Iilcctron., Q1t-19, 12 (1983)
Yariv, Amnon, Ir//mductirm  ICJ Opficd IUcdrrmics,  XI Ed. Ncw York: 1 Iolt Rinchut  and Winston Inc., 198S.

[9] Marcu.sc,  J>ich-ich, l’hco)y of Dicleciric Op/icd Wmvguidr’s.  New York: Academic Press, 1974.
[10] ll.l;.  Schlaak, “Modulation 13chaviour  of Integrated optical Directional Couplers”, J. Opt. Comm., S, 4 (1984)
[11] 1!. W, Taylor, “Radiation Uffccts in Guided Wave Dcviccs”, .\PIli 1794 lntcgra[e(l optical Circuits II (1992) pp 54-61
[ 12] 1!. W. Taylor, “flchaviour  of Coupld Wavcguidc Ilcviccs  in Adverse Ill~vircJ1lll~cl~ts” , S1’111 1314 l:ibrc Optics (1990) pp 155-167
[13] Ii. W. Taylor, “IoI]iz.atiot~-lllducc(l Rcfractivc  index and I’olarixation Effects in 1.iNbO~:’l’i  l~ircctional Coupler Wavcguidcs”,  J.

I.ightwavc  Tech., 9,3 (1991) pp 33S-40
[14] l). R. Moore, “Reliability Tcstiog  of l’LIscd Couplers” , S1’IIi  988 Cmnponcnts for [’ibcr OpLic  Applications and Coherent 1,ightwave

Communications (1988) pp 27-33
[15] G. Winmr,  “Wavelength Multiplexing Con~poncnts--A  Rcvimv of Single-Mode ]kviccs oml “1’heir Applicaticms”, J. I.ightwavc  ‘1’ech.,

1:1-2,4 (1984) pp 369-78
[16] 11. Ishio, J. Mioowa, and K. Nosu, “Review and Status of Wavelength-l) ivision-Multiplexing l’cchnology  and Its Application”, J.

I.ightwavc Tech., J;r-2,  4 (1984) pp 448-63
[17] 1’. P. Payne, C. D. IIusscy,  rmd M. S. Yataki, “Polarisation Analysis of Strongly Fused and Weakly FLIsed  Tapered Couplers”, lilcctron.

lxAt.,21, 13 (1985 )pp561-3
[18] A, Ankiewic?., A. W. Snycler, X. H. Zhcng, “Coupling Jletwccn Parallel Optical Fiber Cores--Critical )lxamination”,  J. I.ightwave

l’cch., I;J’-4, 9 (1986) pp 1317-23
[19] P. P. I’sync, C. D. IIussey,  and M. S. Yataki, “Modclling lascd Sitlgle-Moclc-l:il~rc CoLIplcrs”, lllcckon.  l.ctt.,  21, (1985) pp 461-2
[20] J. D. I me, M. I Ian, “Polarisation Modulation in 1,ong Couplers”, I;lcctron. l.ett.,  21, 12 (1985) pp519-21
[21 ] A. W. Snyclcr,  “1’olarising Bcamsplittcr  from l:oscd-’]’aper Cooplcrs”, IHectron Idt, 21, 14 (1985) pp. 623-5
[22] J. V. Wright, “Wavelength Dq+mdcncc  of Fusccl Coup] crs”, flcctron.  I.ctt., 22, 6 (1986) pp. 320-1
[23] M. Iiiscmnann and E. Weidcl, “Single-Moclc Fused Biconica] Couplers for Wavelength I)ivision  Mdtiplcxing  with Channel Spacing

twtwcen 100 and 300 inn”,. .I l.i~htwavelcch., 6, 1 (1988) pp 113-9
[24] 11. lIcnschcl,  0. Koho, and II. U. Schmidt, “I<adiation sensitivity of fihrc optic couplers” , SPIf~  1791 Optical hlatcrials  Reliability and

Testing (1992) pp 151-63
[25] M. Bcrtolotti,  ct al, “Radii and rwfractivc index changes in y-imdiated  optical fibm”, Rad. Effects. l<ett., 43 (1979) pp 177-80
[26] V. J. lekippc, “Passive Fihcr Optic Components Maclc by the Iiuscd Biconical Taper Process”, S1’IIi  1085 Optical Pibcrs and lheir

Applicatiolls-( 1990)
[27] E. A. J. Marcatili,  “lliclcctric  Rectangular Waveguicle and I)ircctional  Coupler for lntegratecl Optics”, Bell Sys. Tech. J., 48, (1969) pp.

2071-2102
[28] Yariv, Amnon,  Qumfum  LYecrronics 3d Ed,, New York: John Wiley & Soos, Inc., 1989


